The potential for enhancement of Si-based devices by growth of SiC films on largediameter Si wafers is hampered by the very high temperatures (close to the Si melting 
Introduction
Commercially available 6H-SiC and 4H-SiC substrates are very expensive and small in area. Comparatively, 3C-SiC is the only polytype that can be epitaxially grown on cheap and large diameter Si substrates, which is suitable for integration with wellestablished Si processes. In terms of device fabrication, SiC films with different doping types and concentrations are urgently needed. Although intensive investigation on the heteroepitaxial growth of 3C-SiC on Si substrate was carried out using atmospheric/low-pressure chemical vapour deposition (APCVD/LPCVD) at substrate temperatures around 1350 o C or higher by simultaneous supply of Si-containing and C-containing sources [1] [2] [3] [4] [5] [6] [7] [8] [9] , most of this work was focused on unintentionally doped films. Very limited work has been devoted to p-type doping in 3C-SiC films deposited on Si, which remains limited to deposition processes that require temperatures (around 1350 o C) close to the Si melting temperature [8, 9] . Such high temperatures are not suitable for most applications because of dopant redistribution in the Si substrate and severe wafer bow due to accumulated thermal-mismatch stress at the SiC/Si heterojunction. To minimize these effects, alternating-supply/atomic-layer epitaxy (ASE/ALE) was developed, which reduced the growth temperature of unintentionally doped 3C-SiC films to around 1000 o C [10] [11] [12] [13] [14] [15] [16] [17] . This relatively low temperature not only reduces the dopant redistribution in the Si substrate, but also reduces wafer bow; measured wafer bow of 2.1 μm for a prime grade 150 mm Si(100) wafer increased to 3.1 μm after 960 nm of SiC deposition [10] . However, up to date, there is no published report on p-type doped 3C-SiC films grown by ASE/ALE method at similar temperatures. Boron (B) and aluminium (Al) are the two possible ptype dopants in SiC. Compared with B, Al has relative shallower acceptor level and is much less influenced by hydrogen incorporation during chemical vapour deposition 4 (CVD) growth [18] [19] [20] . In this paper, we present a novel in-situ doping method for growth of Al-doped 3C-SiC epilayers on 150 mm Si(100) substrates by ALE at 1000 o C. Since the doping is carried out at atomic-layer level, very sharp junction profiles can be achieved compared with doping by diffusion [21] .
Experimental details
The growth of Al-doped 3C-SiC on on-axis 150 mm n-type Si(100) substrates was 
Results and discussion

Characterization of crystal morphology and microstructure of Al-doped SiC
Al-doped 3C-SiC films of thicknesses of 290, 620 and 990 nm were grown with 20 s
TMAl supply in step 4 in the previously listed sequence of steps. Applying the standard 9 points method for Nanospec-based measurement of thickness variation across a wafer, it was found that the thickness nonuniformity was controlled with ± 1 %. The root mean square (RMS) roughness, measured by AFM in an area of 5×5 μm 2 , was found to be 13.75 nm for 290 nm thick Al-doped SiC (shown in Fig. 1 ).
This roughness is much smaller than the roughness of unintentionally doped SiC films grown with same supply volume of C 2 H 2 and is comparable to that of unintentionally doped SiC grown with much higher supply volume of C 2 H 2 (10 s with a flow rate of 10 sccm) [10] . The parameters influencing the surface roughness need to be investigated further for Al-doped SiC films. Hot-probe and Hall-effect techniques were employed to characterize the conductivity type and carrier concentration. For all the Al-doped 3C-SiC films grown on n-Si substrates, a positive voltage reading on a cold probe with respect to a hot probe (the hot probe was grounded) indicated that the films are of p type conductivity.
Furthermore, the sign of the measured Hall voltage also confirmed that Al-doped SiC is p type conductive.
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To act as effective p-type dopants, it is believed that Al atoms occupy Si sites in SiC crystal lattice [22] . Al also acts as a p-type dopant in Si films. The total-energy calculations for adsorption of Al atoms on Si surface predicted the formation of Al dimers and Al-Si bonds [23] . Therefore, the following doping mechanism is proposed.
With the supply of SiH 4 , the Si atoms that are adsorbed on the SiC surface arrange themselves in self-assembled pattern, these Si atoms are only few atomic-layer thick and usually believed to present in reconstruction states [11, 12, 15] . This pattern is formed during SiH 4 supply and remains in place during the subsequent pump out period. When TMAl is supplied, Al atoms are adsorbed at the Si-terminated surface (Al-CH 3 bonds break below 527 o C [24] ). It is most likely that the adsorbed Al atoms form both Al-Al dimers and Al-Si bonds [23] (there is no evidence to show whether an Al atom would replace a Si atom that sits on a proper lattice site). Some of the carbon atoms contributed by TMAl would also adsorb on the Si-terminated surface and form Si-C bonds [24] . The high vacuum during each growth cycle and the presence of pump out periods are important to provide adequate pressure and time for adsorbed atoms to be accommodated in those favorable positions. Finally, the supply of C 2 H 2 enables the adsorbed Si and Al atoms to be converted into SiC layers. With this, one cycle of growth is completed. With the partial pressure of TMAl studied in this paper, the adsorption of Al atoms on Si-terminated surface is not expected to be self-limited but to be proportional to the total supply volume of TMAl, which is why sample SiC_20s TMAl has higher Al atomic concentration than sample SiC_10s
TMAl.
The room-temperature carrier concentration, obtained by Hall effect measurements, is [8, 9] . The temperature dependence of conductivity of sample SiC_10s TMAl (from 300 to 370 K) is shown in Fig. 6 . It can be seen that the film conductivity reduces with increasing temperature, which is inconsistent with the effect of incomplete ionization that would be expected for a deep acceptor level. The conductivitytemperature dependence, presented as a log-log plot, is linear with the slope of -3/2.
This type of conductivity-temperature dependence is observed when the carrier concentration is constant with temperature and the carrier mobility is dominated by phonon scattering which is the case of standard p-type layers in Si technology.
However, the possible assumption of constant carrier concentration would require an adequate explanation for the fact that the measured carrier concentration is less than 1 % of the total Al atomic concentration. Clearly, the measured electrical characteristics of this film require further investigation. A possible line of investigation is to consider the impact of background impurities (such as nitrogen and oxygen) and structural defects (including antisite atoms and vacancies) that could act as compensating n-type dopants. 
Conclusions
In 
